There is no consensus worldwide concerning the effects of soil management practices on soil net CO 2 exchange rate (NCER). The main goal of the study was to determine soil NCER in different agricultural management systems under contrasting meteorological conditions. The evaluation of moisture and temperature (determined by frequency domain reflectometry (FDR) method) impact on total soil NCER was performed. A closed chamber (CC) method using an infra-red gas analyzer (IRGA) was applied. A two-factorial field experiment was established on an Endocalcari-Epihypogleyic Cambisol (CMg-p-w-can) at the Institute of Agriculture, Lithuanian Research Centre for Agriculture and Forestry. A three-year (2009-2012) study revealed that rainy weather conditions suppressed NCER sharply: NCER was 15-fold lower under rainy meteorological conditions than under dry or normal conditions. Soil temperature in both unfertilized tillage systems (conventional tillage, no-tillage) was the main determinant for soil NCER, while this effect was suppressed by the total influence of soil water content, air temperature and amount of rainfall. Soil carbon dioxide flux was slightly (3%) higher under conventional tillage than under no-tillage during dry 2009 and normal 2012 years. In a wet year 2010, conventional tillage increased soil NCER by 70% compared to no-tillage. Fertilization with mineral NPK fertilizers increased soil NCER by on average 32% compared to unfertilized plots, but did not eliminate suppressive effects of meteorological conditions on soil NCER.
Introduction
Climate change and global warming have worldwide consequences. The most prominent factor driving these phenomena is the increased atmospheric concentrations of greenhouse gases (GHG). Anthropogenic activities have led to an increase in atmospheric concentration of CO 2 from 280 ppm in the pre-industrial era to almost 400 ppm at present (WMO, 2008; CDIAC, 2009) , and it is increasing at the rate of about 2.2 ppm yr -1 (IPCC, 2007) . Despite the vigorous debate on global warming (Kerr, 2009; Solomon et al., 2009; Lal, 2011) , mean global temperature has increased by 0.8°C since 1880, and may increase by an additional 3-7°C by 2100 (IPCC, 2007; Allen et al., 2009; Lal, 2011) .
Soil moisture and temperature are other important factors controlling soil CO 2 emissions (Wiseman, Seiler, 2004; Lopes de Gerenyu et al., 2005; Schaufler et al., 2010; Ni et al., 2012) . In dry conditions soil CO 2 efflux is lower because root and micro-organism activity is typically low. Increasing the soil moisture normally increases the bio-activity in the soil; higher soil moisture content usually causes soil respiration increase. But if there is very high soil moisture, total soil CO 2 efflux is reduced, because of limited diffusion of oxygen and subsequent suppression of CO 2 emission.
Soil temperature is the best predictor of the dynamics of the soil CO 2 flux rate. The high positive correlation between CO 2 emissions and soil temperatures was found in natural and agricultural ecosystems of the Russian taiga zone (Kudeyarov, Kurganova, 1998) . In a native Canadian grassland ecosystem the temperature declined in association with reductions in soil moisture. Schaufler et al. (2010) revealed a non-linear increase of CO 2 emissions with temperature increasing.
Tillage regime has been regarded as one of the important factors affecting CO 2 emissions from soils (Paustian et al., 2000; Oorts el al., 2007; Ponjičan et al., 2012; Li et al., 2013) . Soil tillage management can affect factors controlling soil respiration, soil temperature and water content (Kladivko, 2001; Liu et al., 2006) . Inappropriate agricultural practices can result in C losses from soils to the atmosphere (Smith et al., 2008; Li et al., 2013) . The magnitude of CO 2 loss from the soil is highly related to frequency and intensity of soil disturbance caused by tillage (La Scala et al., 2006) ; however, there is no consensus in the literature on the differences in CO 2 emissions between no-tillage (NT) and conventional tillage (CT) systems. Application of mineral fertilizers also can increase soil CO 2 flux. The increase of CO 2 emissions with increasing nitrogen rates commonly is nonlinear (Sainju et al., 2008; Wilson, Al-Kaisi, 2008; Feiziene et al., 2012) . According to Feiziene et al. (2012) , soil water content directly affected NCER in both (NT and CT) tillage and fertilization treatments, whereas this effect was positive only under dry and normal weather conditions. Under wet weather conditions, the direct effect of soil water content on NCER was negative.
The main goal of our investigations was to determine soil CO 2 emission in different tillage-fertilization systems under contrasting meteorological conditions. Attention was focused on evaluation of moisture and temperature impact on total soil CO 2 efflux regime.
Materials and methods
Site and soil description and experimental design. The field trial was set up at the Institute of Agriculture, Lithuanian Research Centre for Agriculture and Forestry on Endocalcari-Epihypogleyic Cambisol (CMg-p-wcan) during 2009-2012 (55°23′50″ N, 23°51′40″ E) . Two-factorial field experiment was established in 1999 having a split-plot design in four replications. Tillage systems -conventional tillage (CT) and no-tillage (NT) were the main plots, while fertilization -not fertilized (1) and moderate rates of mineral NPK fertilizers (2) were as sub-plots (Table 1) .
Mineral NPK fertilizer rates were calculated according to soil properties and expected yield (Švedas, Tarakanovas, 2000) . Expected yield for peas was 4.5 t ha CT involved stubble cultivation and deep ploughing. Pre-sowing tillage in CT was done one day before sowing. Direct drilling into untilled soil (NT) and tilled soil (CT) was performed with a flat disc seed drill. Fertilizers were spread on soil surface and slightly incorporated during pre-sowing tillage under CT or during direct drilling under NT.
Soil analyses. A closed chamber (CC) method using an infra-red gas analyzer (IRGA) was used to quantify CO 2 fluxes between the soil and the atmosphere in the stands of agricultural crops during vegetation period (Feizienė, Povilaitis, 2013) . Soon after sowing, soil surface net CO 2 exchange rate (NCER) was measured biweekly from May to July. Measurements were taken between 11 a.m. and 3 p.m. to reduce the variability in CO 2 flux. NCER was measured with a portable infrared gas analyzer (IRGA) attached to a data logger (LcSRS-1000; ADC BioScientific Ltd, UK). The collar was inserted into the soil to a depth of 10 cm in each treatment. Each NCER measurement was done in four replications. Soil temperature (T-soil) and volumetric water content (VWC) were recorded at the 10 cm soil depth by a portable soil sensor, type WET-2 with HH2 probe, using frequency domain reflectometry (FDR) method. Soil NCER, temperature and water content were measured biweekly for up to six times in all treatments from May to July until ripeness of crops.
Statistical analysis. Data were analyzed using the software ANOVA and STAT-ENG. Treatment means were separated by using the least significant difference (LSD) and evaluated at the 5% probability level (P = 0.05). The path analysis (Williams et al., 1990 ) was implemented for a deeper evaluation of the interdependence among the net CO 2 exchange rate (NCER), soil temperature (T-soil), soil water content, rainfall and air temperature (T-air) and for the presentation of the correlation matrix.
Results and discussion
Effect of meteorological conditions. Soil NCER, T-soil and VWC significantly responded to meteorological conditions of individual year and soil management practices (Table 2 , Figs 1-3). The influence of the year character and management practices and their interaction was significant (P ≤ 0.01) for NCER, T-soil and VWC. Cold winter and long spring thaw caused excess of soil moisture during crop growing period in 2010. Consequently, mean VWC in 2010 was 50% higher than in 2009 and 2012. In 2010, the NCER was 10.7-fold lower than in 2009 and 20.3-fold lower than in 2012. This circumstance was the reason for particularly low soil vitality. Nevertheless, averaged data across the years did not reveal an impartial influence of agricultural management on VWC, T-soil and NCER. The decision was made that the effect of agricultural management on soil NCER should be considered in close relation with the peculiarities of individual years.
Interaction of soil management practices with meteorological conditions. The year 2009 exhibited dry spring, very wet end of June and normal July. In 2009, the mean T-air of the test period was 19.6°C, the total amount of rainfall 257.1 mm, the mean air humidity 66.3%, mean wind speed 6.8 m s -1 and the sum of sunny hours did not exceed 795.3. Much higher than normal amount of rainfall was registered on June 7, 14 and 23 in 2009. An extreme rainfall event was registered on July 23 during which the monthly average was exceeded by 19% and the total amount of rainfall for June increased by 3.56-fold compared to the long-term mean. The mean VWC in CT was significantly lower than in NT (P < 0.05), while fertilization influencing better crop stand density caused markedly higher VWC (P < 0.01) compared to unfertilized plots. We suppose that denser plant cover acted like an umbrella and suppressed soil evaporation intensity (Feiziene et al., 2011) . In contrast, T-soil in CT system was significantly higher than in NT, but fertilized soil was significantly cooler than unfertilized (P < 0.05) one. This is a consistent pattern, i.e. the higher was VWC, and the lower T-soil was registered. NCER depended 0.194** −0.2 ns 0.4* Notes. NCER, T-soil and VWC data followed by the same letters are not significantly different at P < 0.05; *, ** -the least significant difference at P < 0.05 and P < 0.01, respectively, ns -not significant. CT-1 -convention tillage without fertilizers, CT-2 -convention tillage with fertilizers, NT-1 -no-tillage without fertilizers, NT-2 -no-tillage with fertilizers.
on soil management practices also. The higher tillage intensity and plant nutrition level was applied, the higher the CO 2 flux was registered (Table 3 , Figs 1 and 4) . It should be noted that NCER significantly depended on the weather conditions. However, only dynamic NCER measurements and data analysis could provide objective answers about NCER responses to weather changes. The highest NCER during an exceptionally dry spring in 2009 was registered in NT-2 system. An extreme rainfall at the end of June sharply changed VWC and T-soil. Consequently, soil respiration demonstrated a different pattern. The highest NCER manifested in CT-2 system. In this system NCER increased by 26% as compared to NCER value obtained before extreme rainfall, whereas NCER increase in NT-2 system amounted to 6% only. The opposite response to that was demonstrated by unfertilized soil. In CT-1 system NCER increased by 42%, in NT-1 system by 64%, compared to value obtained before extreme rainfall. Nevertheless, NCER in unfertilized soil sharply decreased in two weeks.
In 2010, the mean midday T-air of the test period was 21.5°C, the total amount of rainfall 177.7 mm, the mean air humidity 76.0%, mean wind speed 7.6 m s -1 and the sum of sunny hours amounted to 645.9. The spring of 2010 was late, rainy and windy, with contrasting day and night temperatures. The amount of precipitation during the spring period amounted to 136% as compared to the long-term mean. At the end of March, the large amount of water from melting snow stayed in the fields due to deep (80 cm) soil freeze. Soils became warmer only in the second half of the May. June was the rainiest month (94.2 mm, while the long-term mean is 52.3 mm) of the crop vegetation period. The weather during June was contrasting: the first ten-day period and the beginning of the second ten-day period were warm, while the rest of the month was rainy and rather cool. The amount of rainfall during June amounted to 116% as compared to the long-term mean. Very warm weather with heat waves was registered in July. Soil VWC exceeded the optimal moisture content (18 volume percent) from early spring to the end of June. Excess of soil water caused an increase in anaerobic processes. Soil respiration almost stopped. Tillage and fertilization influence on NCER was insignificant. The mean VWC in CT was significantly lower than in NT (P < 0.05). Fertilization influencing better stand density caused markedly higher VWC and lower T-soil (P < 0.01) compared to unfertilized plots (Table 3, Figs 2 and 4) .
The year 2012 was characterized by contrasting temperature fluxes during the year, by windy and dry spring and also by windy and rather cool and rainy summer. The mean T-air of the test period was 20.1°C, the total amount of rainfall was 233.0 mm, the mean air humidity averaged 73.4%, the mean wind speed was 8.9 m s -1 and the sum of sunny hours did not exceed 7822.0. The mean VWC in CT was significantly higher than in NT (P < 0.05). Fertilization caused markedly lower VWC (P < 0.05) compared to unfertilized plots. In contrast to 2009 and 2010 data, T-soil in CT system was significantly lower than in NT, but fertilized soil also was significantly cooler than unfertilized (P < 0.05). NCER also depended on soil management practices. The higher tillage intensity in CT and the higher plant nutrition level was applied, the higher the CO 2 flux was registered (Table 3 and Figs 1-3) . Notes. NCER, T-soil and VWC data followed by the same letters are not significantly different at P < 0.05; *, ** -the least significant difference at P < 0.05 and P < 0.01, respectively, ns -not significant. CT-1 -conventional tillage without fertilizers, CT-2 -conventional tillage with fertilizers, NT-1 -no-tillage without fertilizers, NT-2 -no-tillage with fertilizers. 1.00 −0.11 1.00 −0.15 5 -rainfall 1.00 1.00 *, ** -the least significant difference at P < 0.05 and P < 0.01, respectively; CT -convention tillage, NT -no-tillage Correlation between NCER, T-air, T-soil, VWC and rainfall. All processes taking part in soil are in close interdependence. Changes in weather patterns caused by the climate change, including droughts and extreme events, have significant influence on greenhouse gases flux. According to literature, soil NCER peaked at intermediate soil moisture and decreased under increasingly dry conditions, but also decreased when soils became water saturated (van Straaten et al., 2009) . Our data are in line with the above mentioned findings. The correlation matrix between the investigated indices and NCER is presented in Table 4 . In 2009, significant correlation between the NCER and T-air was registered in all soil management systems. In 2012, such relationship was established only in NT systems with fertilizer application. Significant correlations between the NCER and VWC were observed in CT-1 treatment in 2009 and 2010, and in both fertilized treatments (CT-2, NT-2) in 2009 only.
Significant correlations (P < 0.05) in all treatments were observed between VWC and T-soil (2009 and 2010) , T-air and VWC (2010) , T-air and T-soil (2010 T-air and T-soil ( , 2012 T-air and T-soil ( and in NT-2 treatment in 2009 . Rainfall significantly influenced VWC (2009 VWC ( ) and T-soil (2009 VWC ( , 2010 , while paired correlation between rainfall and NCER was clearly expressed only in treatment NT-1 (2009 ), in NT-2 (2010 and in all treatments in 2012 (except NT-2).
Path analyses using NCER as the dependent variable. The direct effect of VWC on NCER depended on year peculiarities and tillage. It was positive in CT system, but only in the year which could be characterize as dry (2009 with dry spring and wet summer) or normal (2012) . In all other cases the direct effect of VWC on NCER was negative (Table 4 ). The correlation (r(Y) = the sum of the entire path connecting the two variables) between NCER and VWC in many cases was higher in CT than in NT. In 2009, the indirect effects of all key drivers suppressed the direct effect of VWC on NCER in both CT and NT systems. However, the VWC was a dominant factor enhancing NCER in dry and normal year, but suppressing NCER in wet year.
T-soil in both unfertilized tillage systems was the main determinant for NCER, while this effect was suppressed by the total influence of other investigated factors (Table 5) . Consequently, the correlation between NCER and T-soil in many cases was insignificant. In other words, an increase in rainfall content influenced higher VWC, while an increase in T-air at the same time caused higher T-soil and more intensive evaporation with higher CO 2 flux in dry and normal year. NCER was suppressed by wet weather conditions while T-air was high (2010).
Fertilization mitigated suppressive effects of the weather conditions on NCER but did not eliminate it. Management practices and weather conditions, soil water content variation, T-soil and T-air fluctuation range affected soil NCER. Under dry weather and soil conditions the NCER responded weakly to negligible variation in soil water content changes. Rainy weather conditions prolonged soil water saturation and sharply suppressed NCER. The higher soil water content fluctuation ranges, the more significant soil NCER response to water changes was registered. Table 5 . Pathway of soil net CO 2 exchange rate (NCER) response to soil temperature (T-soil), volumetric water content (VWC) at the 0-10 cm depth and rainfall and air temperature (T-air) during the study period 
